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Characterization of galactose-induced extracellular and
intracellular pectolytic activities from the exo-1 mutant strain of
Neurospora crassa
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Pectolytic enzymes from the hyperproducer exo-1 mutant of Neurospora crassa are induced either by pectin or
galactose. Galactose-induced pectinases, in contrast with pectin-induced enzymes, are not affected by glucose
repression. Here, the pectolytic enzymes induced by galactose were purified and characterized. Extracellular pecto-
lytic activities were separated into two main fractions. Pool I contained lyases, and a polygalacturonase (PG) copu-
rifying as a complex of about 80 kDa (gel filtration). Pool II contained PG only. Under urea-SDS-PAGE the lyases
and polygalacturonase from pool I migrated with an apparent MW of 56.2 kDa, and 34.3 kDa, respectively. PG from
pool II exhibited an apparent MW of 44.7 kDa. Cell extracts contained PG free of lyase activities. Purified intracellular
PG migrated (SDS-PAGE) as a single band of apparent MW of 31.5 kDa. All pectinases were glycoproteins (18.5–
39% carbohydrate), with stability and optimum pH at 5–6 and 9–10 for PG and lyases, respectively. Temperature
optima were 40–50 °C, respectively. All enzymes were inactivated at 60 °C, with a half-life from 1.5 to 5 min. Activation
energy (Ea) values for extracellular and intracellular PG varied between 0.45 and 2.0 Kcal mol −1. Pool II and intracellu-
lar PG and lyases, exhibited a random mechanism of hydrolysis. Pool I PG exhibited an exo character.

Keywords: catabolic repression; Neurospora crassa; pectate/pectin lyase; pectic enzymes; polygalacturonase;
inductor/induction

Introduction

Previous studies from our laboratory [21,22] demonstrated
that the filamentous fungusNeurospora crassaproduces
pectic enzymes as efficiently as other hydrolases such as
cellulases [8], amylases [25], or xylanases [17]. TheN.
crassahypersecretory mutant strainexo-1 [9] produces five
to six times more polygalacturonase than the wild-type,
when cultured with pectin, or with galactose, as carbon
sources. The pectin-induced enzyme was purified and
classified as an endopolygalacturonase. Interestingly, the
inducing effect of pectin, but not that of galactose, is
repressed by glucose [22]. These results raised the question
of whether the pectin- and galactose-induced enzymes are
the same enzyme or two different enzymes. In this study
of galactose-induced pectolytic activity, it was found that
galactose- and pectin-induced enzymes differed in several
biochemical properties.

Materials and methods

Strain and culture conditions
TheN. crassastrain FGSC 2256 (exo-1) was obtained from
the Fungal Genetics Stock Center (Kansas City, KS, USA).
The organism was maintained on slants of solid Vogel’s
[28] medium supplemented with 2% (w/v) sucrose. Macro-
conidia from 10-day-old cultures were inoculated (5× 105
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ml−1 final concentration) in 250-ml Erlenmeyer flasks con-
taining 50 ml Vogel’s minimal medium supplemented with
2% (w/v) glucose. The cultures were incubated at 30°C
with agitation for 24 h (step I), and then harvested, rinsed,
and transferred to fresh medium supplemented with 2%
(w/v) galactose plus 2% (w/v) glucose (induction medium)
and incubated for 72 h (step II), or for the times indicated
for each experiment.

Preparation of crude extracts
The cultures were harvested by filtration, and the mycelium
and culture filtrates were saved. The culture filtrate was
dialyzed overnight against 50 mM sodium acetate buffer,
pH 5.5. The dialyzed culture filtrate was used as the source
of extracellular enzymes. Mycelia were ground in a por-
celain mortar with acid-washed sand at 4°C and extracted
with 2 vol of sodium acetate buffer. The slurry was centri-
fuged at 16 000× g for 20 min and the supernatant was
used as the source of intracellular enzymes.

Enzymatic assays
Polygalacturonase activity was assayed by measuring the
amount of reducing sugar released [16], as previously
described [21]. An enzyme unit is the amount which
releases reducing sugar at an initial rate of 1mmol min−1

at 45°C, using monogalacturonic acid as the standard. Poly-
galacturonase activity was also determined by viscosity
change using an Ostwald viscosimeter containing a 0.2%
(w/v) pectin solution in 50 mM sodium acetate buffer pH
5.5, at 30°C [27]. One relative viscosimetric unit was the
amount of enzyme which reduced the initial viscosity of
the pectin solution by 50%, in 1 min. Pectate lyase activity



Galactose-induced pectolytic activities from the exo-1 mutant of Neurospora crassa
LB Crotti et al

239
was monitored spectrophotometrically by measuring the
increase in A232 nm due to 4,5 unsaturated reaction products
[18], according to Collmeret al [5]. One unit of enzyme
forms 1mmol 4,5-unsaturated product min−1 under the con-
ditions of the assay. Pectin lyase was measured colorimet-
rically by the reaction between unsaturated products of pec-
tin degradation and thiobarbituric acid [2] according to the
procedure described by Pitt [20]. One enzyme unit causes
a change in absorbance of 0.01 under the conditions of the
assay. Pectinesterase activity was assayed by continuous
titration of the carboxyl groups liberated from methyl ester
bonds. One unit is defined as the amount of enzyme which
causes a decrease in pH of the reaction mixture of 0.1 in
30 min [23].

Separation of pectic enzymes

(A) Extracellular enzymes: The crude filtrate was
precipitated with 2 vol of ethanol for 2 h at−20°C and then
centrifuged at 16 000× g for 10 min. The precipitate was
dissolved in 10 ml of Tris-HCl buffer 10 mM, pH 7.5
(buffer A) and applied to a DEAE-cellulose column (1.6×
20 cm) equilibrated with buffer A. The eluted protein was
dialyzed against 10 mM sodium acetate buffer, pH 5.0
(buffer B) and applied to a CM-cellulose column
(1.6× 25 cm). The column was eluted with a NaCl gradient
(0–500 mM) in buffer B. Fractions (10 ml) were collected
at a flow rate of 33.5 ml h−1.

(B) Intracellular enzymes: The crude extract was
applied to a DEAE-cellulose column (1.6× 20 cm), equilib-
rated with buffer A, and eluted with buffer A plus increas-
ing NaCl concentrations (0–500 mM). Fractions (5 ml)
were collected at a flow rate of 16 ml h−1.

Determination of molecular mass
Molecular mass was determined by gel filtration in a
Sepharose CL-6B column (1.8× 88 cm) equilibrated and
eluted with Tris-HCl buffer 50 mM, pH 7.5, plus 100 mM
KCl. Fractions (3.3 ml) were collected at a flow rate of
10 ml h−1. Molecular mass markers were: tyroglobulin
(660 kDa); apoferritin (440 kDa);b-amylase (200 kDa);
alcohol dehydrogenase (150 kDa); bovine serum albumin
(66 kDa) and carbonic anhydrase (29 kDa). Urea-SDS-
PAGE (7%) was carried out according to Swank and
Munkres [26], and SDS-PAGE (7%) according to Laemmli
[12]. Molecular mass markers were: myosin (205 kDa);b-
galactosidase (116 kDa); phosphorylaseb (97 kDa); bovine
serum albumin (66 kDa); ovalbumin (45 kDa) and carbonic
anhydrase (29 kDa). Proteins were silver-stained as rec-
ommended by Blumet al [4].

Isoelectric focusing
Isoelectric focusing using Pharmalyte pH 3–10 was carried
out in 7% rod gels containing 5% (v/v) carrier ampholyte
according to O’Farrellet al [19]. Twenty micrograms of
purified polygalacturonase were loaded on the gel
(0.6× 13 cm). After focusing at 500 V for 6 h, the pH
gradient was measured by cutting one gel into 5-mm thick
slices and extracting each slice with 1 ml KCl 25 mM.
Polygalacturonase activities were determined by reducing

sugar release using slices submerged in sodium polypec-
tate solution.

Determination of neutral carbohydrate
Total neutral carbohydrate in protein samples was esti-
mated by the phenol/sulfuric acid method of Dubois [6]
using mannose as standard.

Amino acid composition analysis
The purified intracellular polygalacturonase was subjected
to acid hydrolysis with 6 N HCl in vacuum-sealed glass
tubes at 110°C for 24 h. Amino acid analysis was carried
out using phenylthiocarbamyl-derivatives which are separ-
ated by reverse phase HPLC, detected and analyzed by their
absorbance at 254 nm [1,3,7]. The homology was calcu-
lated using the Propsearch Database computer program
[11].

Chemicals
Pectin (8.9% methoxy content), polygalacturonic acid
sodium salt,d-galacturonic acid sodium salt and other
carbohydrates were from Sigma (USA). All other reagents
were analytical grade.

Results and discussion

Time-course development of pectolytic activities
We reported earlier that pectin and galactose induce differ-
ent amounts of extracellular polygalacturonase in theexo-
1 mutant of N. crassa. Galactose induces approximately
four times more activity than does pectin. The galactose-
induced activity increased when glucose was added to the
induction medium; in contrast the pectin-induced activity
is glucose-repressible [22]. We decided to study more
closely the influence of galactose on the development of
pectolytic activities ofN. crassa. Figure 1 shows the time-
course of production of pectolytic enzymes by theexo-1
mutant incubated with 2% (w/v) glucose plus 2% (w/v)
galactose. With the two-stage culture procedure (see
Methods), the activity levels were about 8-fold higher than
those obtained inoculating spores directly into the induction
medium (not shown). A consistent sequence for the release
of pectolytic enzymes was observed. Polygalacturonase
activity was the first to be detected. It reached the highest
activity at 72 h, but most of the activity was present at 24 h.
Pectate/pectin lyases appeared later (maximum at 72 h).
Pectinesterase activity was not detectable. During the incu-
bation in the induction medium, the mycelial mass did not
change significantly (not shown). A comparable sequential
production of pectolytic enzymes was previously reported
for Botrytis cinerea[13].

Purification of pectolytic activities
Pectolytic enzymes were extracted and prepared from cul-
tures incubated for 72 h in induction medium (see Figure
1). Extracellular and intracellular activities behaved differ-
ently during chromatographic separation. Extracellular
activities were not retained in DEAE-cellulose and were
eluted in the void volume of the column (not shown). The
active fractions (Figure 2), containing polygalacturonase
and pectate/pectin lyase activities, were pooled and applied
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Figure 1 Time-course of pectolytic enzymes production by theexo-1
mutant of Neurospora crassain two-stage cultures. The organism was
cultivated with 2% (w/v) glucose for 24 h and then transferred to fresh
medium supplemented with 2% (w/v) glucose and 2% (w/v) galactose for
different times. Symbols: (P) polygalacturonase activity; (p) pectate lyase
activity; (g) pectin lyase activity.

Figure 2 Separation of extracellular pectolytic activities by CM-cellu-
lose chromatography. The column was eluted with 10 mM Tris-HCl, pH
7.5 and a continuous gradient (0–0.5 M) of NaCl, at a flow rate of 34 ml
h−1. Ten-milliliter fractions were collected and assayed for pectolytic
activities. I and II represent pool I and pool II activities. Symbols: (l)
Absorbance 280 nm (left axis); (P) polygalacturonase activities; (p) pec-
tate and pectin lyase activities; (—) NaCl gradient. Bars over the activity
peaks represent the limits of the pooled fractions. Other details as
described under Methods.

to a CMC-cellulose column. Polygalacturonase activity was
resolved into two sharp fractions (Pool I, 125 mM NaCl,
and Pool II, 215 mM NaCl). Pool I contained polygalactu-
ronase and pectate/pectin lyase activities, and Pool II con-
tained polygalacturonase activity only. Lyases
(pectin/pectate) and polygalacturonase activities were puri-
fied, respectively, 22-, 33- and 39-fold, with 3–4% recov-
ery. Pool I was rechromatographed under the same con-
ditions, but polygalacturonase and lyase activities co-eluted
at 125 mM NaCl, as before. The pectolytic activities in pool
I also co-eluted as a single peak, with apparent molecular
mass of 79.4 kDa, by Sepharose CL-6B column chromato-
graphy (not shown).

However, in some preparations, lyases and polygalactu-
ronase activities were totally separated into pool I (lyases
only), and pool II (polygalacturonase only). In this case,
when a pool I preparation was submitted to urea-SDS-
PAGE electrophoresis (Figure 3), pectate/pectin lyase
activities migrated as a single protein band of 56.2 kDa
apparent molecular mass (Figure 3A). Pool II containing
only polygalacturonase activity, also migrated as a single
protein band, but of 44.7 kDa apparent molecular mass
(Figure 3C). For preparations of pool I which contained
both lyases and polygalacturonase activities, the apparent
molecular mass (urea-SDS-PAGE) for polygalacturonase
was 34.3 kDa (Figure 3B). This suggested that lyases and
polygalacturonase activities might form a complex under
some circumstances.

The intracellular pectolytic activities, different from the
extracellular ones, were retained on DEAE-cellulose. Poly-
galacturonase eluted in a single sharp symmetrical peak
with 110 mM NaCl (Figure 4). Lyase activities were below
detection levels. The intracellular polygalacturonase was
purified 35-fold, with 20% recovery. Under SDS-PAGE,

Figure 3 Gel electrophoresis of purified pectolytic activities. (A) Urea-
SDS-PAGE 7% of lyases activities; (B) Urea-SDS-PAGE 7% of polygal-
acturonase activity, pool II; (C) Urea-SDS-PAGE 7% of polygalacturonase
activity, pool I. Molecular mass markers (M) were: (1) myosin (205 kDa);
(2) b-galactosidase (116 kDa); (3) phosphorylaseb (97 kDa); (4) bovine
serum albumin (66 kDa); (5) ovalbumin (45 kDa); and (6) carbonic anhyd-
rase (29 kDa). (D) SDS-PAGE 7% of intracellular polygalacturonase
activity. Molecular mass markers were the same.
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Figure 4 Separation of intracellular polygalacturonase activity by
DEAE-cellulose chromatography. The column was eluted with 10 mM
acetate sodium buffer, pH 5.5 and a continuous gradient (0–05 M) of
NaCl, at a flow rate of 16 ml h−1. Five-milliliter fractions were collected
and assayed. Symbols: (l) Absorbance 280 nm; (P) polygalacturonase;
(—) NaCl gradient. Other details as described under Methods.

the intracellular polygalacturonase migrated as a single
band of 31.5 kDa (Figure 3D).

Intrinsic properties of the purified activities
Table 1 summarizes some properties of the pectolytic
enzymes from theexo-1 mutant. ApparentKm and Vmax

values, calculated from Lineweaver–Burk plots, were
determined at the temperature optimum for each activity,
using sodium polypectate concentrations ranging from 0.5
to 20 mg ml−1. Higher substrate concentrations were inhibi-
tory. Pool II extracellular polygalacturonase, and intracellu-
lar polygalacturonase activities, exhibited approximately

Table 1 Kinetic constants and other intrinsic properties ofN. crassapectolytic activities

Properties Polygalacturonases Lyases

Pool I Pool II Intra Pectin- Pectate Pectin
induceda

Km (mg ml−1) 1.161 0.023 0.019 5.0 0.50 0.076
Vmax (U mg−1 protein) 177.94 2.08 0.03 357 273.20 363.40
Isoelectric point 6.60 6.24 7.14 nd 6.80 6.80
Carbohydrate content (%) 18.5 38.8 35.0 38.0 38.0
Optimum pH 5.5 5.5 5.5 6.0 9.0 10.0
pH stability 5.5–6.0 5.0 5.5–6.0 nd 10.0 9.5
Optimum temperature (°C) 40 45 40 45 50
Stability 60°C (T50 – min) 1.0 5.0 5.0 1.2 3.0 1.5
Act. energy (Ea Kcal mol−1) 1.0 0.5 2.0 4.0 0.45 0.5
Molecular weight (kDa) 34.3 44.7 31.5 37 56.2
Character exo endo endo endo endo endo

aData from Reference [22].
nd, not determined.
exo = exopolygalacturonase; endo= endopolygalacturonase.

55-fold more affinity for sodium polypectate than pool I
extracellular polygalacturonase. It should be noted that
polygalacturonase activity in pool I was measured in the
presence of lyase activities. All pectolytic activities were
glycoproteins (18.5–39% carbohydrate), with stability and
optimum pH at 5–6 and 9–10 for polygalacturonase and
lyase activities, respectively. Temperature optima ranged
between 40–50°C, but all activities were inactivated at
60°C, with a half-life varying from 1.5 to 5 min. Activation
energy values (Ea) for the hydrolysis of sodium polypec-
tate, calculated from Arrhenius plots, showed that extra-
cellular (pool I and II) and intracellular polygalacturonase
values varied between 0.45 and 2 Kcal mol−1.

The endo (random cleavage) or exo (cleavage at the
extremities) character of the pectolytic activities was
determined using sodium polypectate and pectin as sub-
strate. The mechanism of action was determined both by
viscosimetry and by release of reducing sugar. The time
required for a 50% decrease in viscosity of a 2% (w/v)
substrate solution, at the temperature optimum of each
activity, was 250 min for pool II extracellular polygalactu-
ronase, 24 h for intracellular polygalacturonase, and
120 min for pectate/pectin lyases, while about 1%, 9%, and
6.5% of total galacturonide bonds, respectively, had been
hydrolyzed. These results suggested a random mechanism
of hydrolysis for pool II and intracellular polygalacturonase
activities, and for pectin/pectate lyases. On the other hand
pool I polygalacturonase required 30 min to decrease by
50% the viscosity of the solution of sodium polypectate,
and hydrolyzed 18% of total galacturonide bonds, indicat-
ing that this enzyme had an exo character. Extracellular
(pool I and II) and intracellular polygalacturonase activities
hydrolyzed principally sodium polypectate and pectin to a
minor extent (19%, 22%, and 51%, respectively). Pectate
lyase was more active against sodium polypectate, but also
hydrolyzed pectin 25%. Pectin lyase hydrolyzed only pec-
tin. Other substrates, such as starch, microcrystalline cellu-
lose, carboxymethyl cellulose,p-nitrophenyl-b-d-galacto-
pyranoside (PNP-Gal), raffinose, sucrose, trehalose and
xylan were ineffective.
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Amino acid mol mol−1

Aspartic acid 27.2
Glutamic acid 25.6
Serine 24.2
Glycine 42.3
Histidine 13.6
Arginine 6.9
Threonine 26.3
Alanine 32.0
Proline 18.8
Tyrosine 5.9
Valine 23.3
Methionine 3.2
Cysteine 2.4
Isoleucine 12.2
Leucine 19.3
Phenylalanine 8.3
Lysine 16.4
S 307.9

The effects of some metal ions on the purified enzymes
were studied. Polygalacturonase activities were drastically
inhibited by copper sulfate and mercuric chloride, with the
intracellular polygalacturonase being more sensitive. Lyase
activities were stimulated by low concentrations of most of
the ions tested, but higher concentrations sometimes
inhibited these activities (not shown). This was in agree-
ment with results reported for other fungal pectolytic
activities [10,15,24].

The estimated amino acid residue composition of the
purified intracellular polygalacturonase is shown in Table
2. It should be noted that about 17.1% of the residues were
acid, such as aspartic acid and glutamic acid, 12% of the
residues were basic and 71% were neutral. These values
were compatible with the isoelectric point (7.14, Table 1).
The amino acid composition resembled the polygalacturon-
ase ofPrunus persica(peach) [14].

Previous studies on the pectolytic enzymes ofN. crassa
induced by pectin [22], showed that these activities separate
into four main fractions containing pectate/pectin lyase
activity, and a fourth fraction containing polygalacturonase
only. The properties of the pectin-induced polygalacturo-
nase (Table 1) were close to those of pool I galactose-
induced polygalacturonase, except its endo character. On
the other hand, galactose-induced Pool II extracellular and
intracellular polygalacturonases, differed from the Pool I
and pectin-induced polygalacturonases by comparatively
lower Km and Vmax values, and higher stability at 60°C.
Altogether, these results suggest a versatile pectolytic sys-
tem forN. crassa. This is the first report of an intracellular
polygalacturonase activity in this fungus. We cannot say
at this time to what extent the differences reflect post-
translation modifications or the products of different genes.
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